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We present a systematic multiconfigurational study of the lowest two doublet potential energy
surfaces of atomic aluminum with molecular oxygen. The most likely products, AlO and AlO2 , are
expected to figure prominently in subsequent reactions to form Al2O3 . The main reaction pathways
on both surfaces invariably lead to the formation of cyclic AlO2 , possibly followed by isomerization
to the lower-energy linear AlO2 isomer. A reaction path leading from Al1O2 directly to AlO1O
was not located. However, both AlO2 isomers can dissociate to AlO1O with no barrier beyond
endothermicity. There is also no barrier for the reaction of AlO2 with AlO to form Al2O3 , and this
reaction is highly exothermic. © 2003 American Institute of Physics. @DOI: 10.1063/1.1542873#
I. INTRODUCTION
The reaction of Al atoms with oxygen is of considerable
interest in view of the potential use of aluminum-doped solid
hydrogen as a rocket propellant. It has been predicted that
solid H2 doped with 5% aluminum atoms would be 80%
more dense than liquid H2 , and would therefore give a 10%
specific impulse increase, corresponding to a 200% payload
increase.1 However, this prediction is based on the assump-
tion that all of the aluminum present in the system is oxi-
dized into Al2O3 . In fact, if Al2O3 is not the main final
product of combustion, using pure solid H2 is preferable over
Al-doped H2 , since the exothermicities of all other alumi-
num oxides are much smaller than that of Al2O3 .2 Therefore,
it is important to develop a quantitative understanding of the
energetics of aluminum combustion.
In this paper, we report a systematic study of the poten-
tial energy surfaces ~PES! for possible mechanisms of the
reactions of Al with O2 , since the most likely products, AlO
and AlO2 , are expected to figure prominently in subsequent
reactions to form Al2O3 .
Most of the theoretical and experimental works on alu-
minum combustion available in the literature3–5 deal with the
combustion of metallic aluminum. While some thermody-
namic data provided in those studies are also relevant for the
reaction of isolated Al atoms with oxygen, there are some
important differences between these two processes that ren-
der most of the conclusions made regarding the combustion
of solid Al inapplicable to the present study. For example, in
a very extensive theoretical study of energetics of aluminum
combustion by Politzer, Lane, and Grice5 it is implied that
there is a large number of molecules containing carbon, ni-
trogen, and other elements present in the system. This is
certainly true in the case of the combustion of metallic alu-
minum, usually added to organic propellants. However, the
major route to Al2O3 in such systems is believed to be the
CO2 oxidation of aluminum, and this is not directly relevant
to the combustion of Al atoms trapped in a solid H2 matrix.
Another important distinction is the number of Al atoms
involved in the first elementary steps of the combustion
mechanism. Since in the present study we address a reaction
of isolated Al atoms very sparsely dispersed in a solid hy-
drogen matrix, with less than 5% of Al present,1,6 elementary
steps involving more than one Al atom are unlikely. For ex-
ample, the possibility of formation of Al2O in a reaction of
two Al atoms with either O2 or O, which could be important
in the combustion of solid Al particles, is not considered.
There are a number of experimental and theoretical stud-
ies of various molecular species present in the Al1O2 sys-
tem available in the literature.3–5,7–16 Most of these works
focus on the electronic structure and properties of Al oxides
and not on the reaction mechanisms leading to their forma-
tion. An exception is the theoretical study by Marshall et al.,4
that provides some information about the thermochemistry
and kinetics of the Al1O2 reaction. However, the unre-
stricted Hartree–Fock ~UHF! formalism used in that work
for AlO and AlO2 ~two of the key products! may be suspect
due to serious spin contamination. For these two important
structures, the UHF wave functions showed instabilities, and
the authors concluded that more flexible wave functions
were needed to describe these molecules. Since a broad sec-
tion of the potential energy surfaces for several electronic
states are of interest, the multireference wave functions used
in the present work seem more appropriate.
Our goal in this paper is to present a systematic and
consistent study of the potential energy surfaces for the
Al1O2 system, using multiconfigurational wave functions
and dynamic correlation corrections for all stationary states
on these surfaces. Based on the following analysis of the
low-lying PES’ for this system, the most probable mecha-
nisms leading to the formation of Al2O3 are proposed.
II. METHODS
All calculations reported in the present work have been
carried out with the GAMESS17 and MOLPRO18,19 programs.
The PES’ were studied at the MCSCF level with the com-
plete active space SCF ~CASSCF! or the fully optimized
reaction space ~FORS!20,21 method. Active spaces varied in
a!Author to whom correspondence should be addressed. Electronic mail:
mark@si.fi.ameslab.gov; fax: ~515! 294-5204
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size from including all valence electrons to including only
the electrons involved in chemical changes. The full valence
active space was used in MCSCF calculations of all minima
on the potential energy surfaces. The active spaces used in
the MCSCF study of reaction mechanisms will be described
later in this paper.
The energies of the minima and the transition states were
recalculated at the singles and doubles coupled cluster plus
perturbative triples @CCSD~T!#, second-order multireference
perturbation theory ~MRMP222,23! and multireference con-
figuration interaction ~MRCI18,19! levels of theory. The
MRCI wave function included all single and double excita-
Schematic of Al1O2 potential energy surfaces at several levels of theory. ~a! Al1O2→AlO2 ; ~b! Al1O2→AlO1O.
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tions from the FORS reference space into the virtual space,
referred to as MR~SD!-CI.18,19 Dynamic reaction path
~DRP!24,25 calculations were used to examine the most prob-
able reaction channels on the PES’. To verify the basis set
convergence, most of the calculations, including geometry
optimizations of all stationary points on the PES’, were per-
formed subsequently with the 6-311G*,26 aug-cc-pVTZ, and
aug-cc-pVQZ27 basis sets.
III. RESULTS AND DISCUSSION
Because multiple electronic states and multiple channels
for the Al1O2 reaction system have been examined at sev-
eral levels of theory, a composite of the results are presented
in Scheme 1.
A. AlO2 and AlO
The reaction of a single Al atom with an oxygen mol-
ecule can result in the formation of either AlO2 , or AlO and
an oxygen atom:
Al1O2→AlO2 , ~1!
Al1O2→AlO1O. ~2!
In order to predict the most probable outcome of this
reaction, it is important to understand the electronic structure
of all the species involved. First, consider aluminum dioxide,
AlO2 . The global minimum energy structure of AlO2 has
been a subject of extensive study,11–14,28 with two potential
candidates being the linear OAlO and the cyclic AlO2 iso-
mers. The lowest energy PES for C2v AlO2 is the 2A2 state,
with the 2A1 state being higher in energy for both isomers.
The 2A2 state corresponds to 2Pg and 2A1 to 2Sg
1 in D‘h
symmetry. It was shown earlier28 that at the MRMP2/cc-
pVTZ level, linear AlO2 lies about 33 kcal/mol lower than
the cyclic structure. The barrier leading from cyclic to linear
AlO2 is approximately 60 kcal/mol at this level of theory.
In this work, the energy splitting between the 2A2 and
2A1 states of AlO2 has been reevaluated for both the linear
and the cyclic structure. The results are presented in Table I
and Scheme 1, together with the results of Archibong et al.7
for the cyclic structure. No similar data are available in the
literature for the linear structure, probably because this spe-
cies presents additional difficulty for theoretical study due to
a symmetry breaking in the MCSCF wave function ~see the
discussion in Ref. 28!. The 2A2 – 2A1 energy difference is
relatively small for the cyclic structure, converging to a value
of approximately 4.5 kcal/mol. One clearly needs a good
basis set and a well-correlated wave function to achieve this
result. For linear AlO2 , the energy difference is much larger.
The dynamic correlation effects are significant at this geom-
etry, with MCSCF overestimating the splitting by more than
10 kcal/mol compared to the MRCI result for the same basis
set.
At the CCSD~T!/aug-cc-pVQZ level, the 2A2 ground
state of cyclic AlO2 is about 68 kcal/mol lower in energy
than the reactants Al1O2 ~63.5 kcal/mol for the 2A1 state!.
The energy of the linear structure on the 2A2 potential energy
surface is almost 30 kcal/mol lower; however, there is a 60
kcal/mol barrier ~at the MRMP2/aug-cc-pVTZ level! be-
tween the cyclic and the linear isomers. For the 2A1 state,
both the energy difference between the cyclic and the linear
structures and the barrier between those isomers are much
smaller than the corresponding values for the 2A2 PES. At
the MRMP2/aug-cc-pVTZ level, on the 2A1 surface the lin-
ear isomer is only 21 kcal/mol lower in energy than cyclic
AlO2 , and the barrier between the isomers is smaller than 10
kcal/mol relative to the cyclic isomer.
For AlO the 2S1 state is predicted to be lower in energy
than the doubly degenerate 2P i state. The energy splitting
between these two states, calculated at different levels of
theory, is given in Scheme 1 and Table II. The estimated
best value ~MRCI/aug-cc-pVQZ! of 15.6 kcal/mol is in very
good agreement with the experimental value of 15.060.3
kcal/mol.2,29 The overall exothermicity of reaction ~2! for the
lowest-energy electronic state (2S1) of AlO, calculated at
the CCSD~T!/aug-cc-pVQZ level of theory is estimated to be
3.1 kcal/mol, very close to the experimental value of about
3.2 kcal/mol.2,30 The formation of AlO in the 2P i state is 12
kcal/mol endothermic ~at the MRCI/aug-cc-pVQZ level!.
It appears that at least thermodynamically the formation
of AlO2 is greatly favored over the formation of AlO1O.
Even if we consider the higher-energy cyclic AlO2 , the en-
ergy gain in reaction ~1! is almost 65 kcal/mol greater than
that in reaction ~2!. The products of reaction ~2! are almost
TABLE I. Energy splitting between the 2A2 and 2A1 states of cyclic AlO2
(2A2 lower! and between the 2Pg and 2Sg1 states of linear AlO2 (2Pg lower!
~kcal/mol!.
Method Cyclic (C2v) Linear (D‘h)
UHF/6-311G11(3df)a 13.9 fl
MCSCF/6-311G*b 12.0 26.0
MCSCF/aug-cc-pvTZb 8.8 26.6
MCSCF/aug-cc-pvQZb 7.8 25.7
CCSD~T!/cc-pvTZb 8.2 15.7
CCSD~T!/6-311G~2df!a 8.2 fl
CCSD(T)/6-311G11(3df)a 6.8 fl
CCSD~T!/aug-cc-pvQZb 4.4 15.0
MRMP2/aug-cc-pvTZb 3.3 11.5
MRCI/aug-cc-pvTZb 4.6 16.3
aResults from Ref. 7.
bThis work. All MRCI, MRMP2, and CCSD~T! calculations were performed
at MCSCF optimized geometries.
TABLE II. Energy splitting between the 2S1 and 2P i states of AlO ~kcal/
mol!.
Method E(2P i)2E(2S1)
HF/6-311G* 221.7
HF/aug-cc-pvQZ 217.5
MCSCF/6-311G* 15.0
MCSCF/aug-cc-pvTZ 17.4
MCSCF/aug-cc-pvQZ 17.9
MRMP2/aug-cc-pvTZ 13.4
MRMP2/aug-cc-pvQZ 14.4
MRCI/aug-cc-pvTZ 14.4
MRCI/aug-cc-pvQZ 15.6
aAll MRMP2 and MRCI calculations were performed at MCSCF optimized
geometries.
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isoenergetic with the reactants, while the formation of AlO2
is highly exothermic.
B. Reaction mechanisms
To predict the kinetics of these reactions, detailed knowl-
edge of the PES for the Al1O2 system is required. The next
goal is to find the reaction paths and transition states for both
reactions ~1! and ~2!, as well as a reaction path for possible
dissociation of AlO2 into AlO1O—another possible source
of AlO in the system:
AlO2→AlO1O. ~3!
To build a map of the potential energy surface for the
Al1O2 reaction, consider an Al atom approaching the oxy-
gen molecule from different directions @Fig. 1~a!#. Ideally, it
would be desirous to use a full valence active space MCSCF
wave function to describe this process. However, if all va-
lence electrons of Al and O2 are included in the active space,
the MCSCF optimization converges to an intruder state at all
geometries for which the Al–O distance is larger than about
2.5 Å.
A logical active space is composed of those electrons
and orbitals that are involved in the chemical changes due to
the interaction of Al and O2 . The formation of the 2A2 state
of AlO2 can be qualitatively described as electron transfer
from the singly occupied p orbital of Al into the in-plane p*
orbital of the O2 molecule. The out-of-plane O2 p* orbital
remains singly occupied. The 2A1 state of AlO2 arises from
the transfer of two electrons from Al—one p and one s—into
the two p* orbitals of O2 . Therefore, an active space includ-
ing the two p* orbitals of O2 plus the 3s and one of the 3p
orbitals of Al should be adequate for the description of or-
bital changes in this reaction. In fact, the results obtained
with the active space just described are in good agreement
with results produced with various larger active spaces, up to
the full valence active space, when the latter is not plagued
by intruder states. The orbital changes in reaction ~2! require
all of the O2 valence orbitals to be present in the active
space, as well as the 3s and at least one of the 3p Al orbitals.
The inclusion of the remaining two 3p orbitals of Al does
not appear to be necessary.
Therefore, to study reaction ~1!, an active space com-
posed of the two p* orbitals of O2 and the 3s and one of the
3p orbitals of the Al atom was used. The 3px orbital of Al
was used for the 2A2 PES, and the 3py orbital for the 2A1
state. The active space used for reaction ~2! includes all va-
lence orbitals of the two oxygen atoms and the 3s and one of
the 3p orbitals of Al. Expanding the active space used for
reaction ~1! to include all valence orbitals of oxygen does not
have any noticeable effect on the results, justifying the use of
a smaller active space for this reaction.
The MCSCF PES for the system shown in Fig. 1~a! was
investigated for a large variety of distances R and angles a.
The 2A1 state of the Al1O2 system becomes A8 in Cs sym-
metry, and the 2A2 state becomes A9. The A8 and A9 poten-
tial energy surfaces were investigated using a series of con-
strained optimizations, with the O–O distance optimized for
different fixed values of distance R and angle a. It appears
that on both the A8 and A9 PES’ there are no minima that
have Cs symmetry. A geometry optimization beginning at
any Cs geometry always results in a C2v structure. There
also appears to be no first-order saddle point with Cs sym-
metry. Apparently, the interaction of an Al atom approaching
the O2 molecule from different directions invariably leads to
the formation of cyclic AlO2 , on both the A8 and A9 PES’.
On the A9 surface, there seems to be no barrier for this re-
action in Cs symmetry; for the C2v (2A2) approach there is a
very small barrier of about 4 kcal/mol at the MRMP2/
6-311G* level of theory. The 2A2 transition state has RAlO
52.87 Å and ROO51.16 Å. At the MCSCF/6-311G* level,
the imaginary frequency is 176.9i. Following the intrinsic
reaction coordinate ~IRC!31 along the normal mode associ-
ated with this frequency leads to the cyclic AlO2 in one
direction and free Al1O2 in the opposite direction.
The structure of the A8 PES is somewhat different from
that of the A9 surface. The barrier for the C2v (2A1) ap-
proach is about 22 kcal/mol at the MRMP2/aug-cc-pVTZ
level.
To locate a reaction path leading from Al1O2 directly to
AlO1O @reaction ~2!#, consider the C‘v arrangement shown
in Fig. 1~b!, with Al aligned in a collinear arrangement with
the O2 molecule. Constrained geometry optimizations for
various fixed values of one AlO distance produce a stationary
point in C‘v symmetry. This stationary point has two imagi-
nary frequencies that correspond to the degenerate linear
bend. Therefore, it appears that there is no Cs or C‘v reac-
tion path that leads to AlO1O. This is consistent with the
results of Politzer et al.,5 who were unable to find a doublet
transition state for reaction ~2! anywhere on the PES @they
did not consider reaction ~1!#.
To further analyze the lowest-energy PES for the
Al1O2 system, a series of MCSCF dynamic reaction path
~DRP! calculations were performed, in which an Al atom
having some initial kinetic energy was directed toward the
O2 molecule with different angles a. Depending on the angle
of attack and the initial kinetic energy, the DRP calculations
produced only two types of trajectories. For relatively small
initial energies ~less than 15 kcal/mol! the resulting trajecto-
ries almost invariably led to the formation of cyclic AlO2 .
For initial kinetic energies greater than 15 kcal/mol, most
trajectories resulted in dissociation of the Al– O2 complex
FIG. 1. ~a! Geometrical parameters of Al1O2 reaction ~b! Al1O2 reaction
in C‘v symmetry
4474 J. Chem. Phys., Vol. 118, No. 10, 8 March 2003 M. V. Pak and M. S. Gordon
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:41:14
back to Al1O2 immediately after collision. No DRP trajec-
tories leading to AlO1O were observed.
The existence of a very high barrier for the cyclic-to-
linear isomerization of AlO2 provides a hint at a possible
explanation for the difficulty of locating a minimum energy
path for reaction ~2!. Breaking the very strong O2 bond re-
sults in a relatively high barrier on the reaction path, even if
the final products of the reaction are considerably lower in
energy. In the case of the Al1O2 system, the formation of
cyclic AlO2 does not involve completely breaking the O–O
bond ~only the p bond!, results in a large energy gain and has
either a very small or zero barrier, depending on the angle of
attack of the Al atom. The formation of AlO1O, on the other
hand, involves breaking the O2 bond, which implies a large
barrier, and the exothermicity of this reaction is only about 3
kcal/mol. Therefore, it is reasonable to expect that the main
reaction channel leading to AlO should go through the for-
mation of AlO2 , followed by its dissociation to AlO1O.
The reaction paths for the dissociation of AlO2 @reaction
~3!#, starting from both the cyclic and the linear AlO2 have
also been investigated. At the MRMP2/aug-cc-pVTZ level
of theory, the dissociation of both structures appears to have
no barrier beyond the endothermicity, in agreement with
Marshall et al.4 Depending on the initial state of the AlO2
molecule, the dissociation results in either the 2S1 ~from
the 2A1 state of AlO2) or the 2P i ~from the 2A2 state! state
of AlO. At the MRCI/aug-cc-pVQZ level of theory, the
combined energy of O1AlO in the 2P i state ~resulting
from dissociation of the 2A2 state of AlO2) is about 12 kcal/
mol higher than the energy required to dissociate AlO2 into
Al1O2 . However, due to the 3 kcal/mol barrier for this
Al1O2 dissociation reaction, the activation energy for this
reaction is only 9 kcal/mol lower than the energy required for
the AlO1O dissociation.
For 2A1 AlO2 , the AlO2→AlO1O dissociation is ther-
modynamically more favorable than the AlO2→Al1O2 dis-
sociation by about 3 kcal/mol. However, the latter reaction
has a relatively high MRMP2/6-311G* barrier of 85 kcal/
mol while the AlO1O dissociation requires only about 60
kcal/mol.
A qualitative estimate of the reaction rates for dissocia-
tion of AlO2 to either AlO1O @reaction ~3!# or back to Al
and O2 was performed using the RKKM method.31,32 The
initial energy of AlO2 molecules formed in reaction ~1! var-
ies from 63 kcal/mol (2A1 state! to 65 kcal/mol (2A2 state!
plus the kinetic energy of about 10 kcal/mol corresponding
to the temperatures characteristic of the combustion chamber
of a rocket ~;3550 °K!. The lifetimes of the AlO2 molecules
for the two possible dissociation channels are all in the range
of several picoseconds for both 2A1 and 2A2 states of AlO2 ,
although the dissociation to AlO1O is somewhat favored
over the dissociation to Al1O2 . This seems to indicate that
the formation of AlO is kinetically preferable over the more
thermodynamically stable AlO2 , in agreement with the con-
clusions of Marshall et al.4 However, the collisional stabili-
zation of AlO2 not accounted for in our calculations could
result in a substantial number of AlO2 molecules being
present in the system. A more accurate kinetics analysis will
be required to make definitive conclusions regarding the
relative ratios of AlO2 and AlO molecules formed in the first
step of the combustion process.
C. AlO2¿AlO reactions
According to an extensive theoretical study by Archi-
bong and St-Amant,33 the lowest-energy isomer of Al2O3 is
the triplet C2v structure, shown in Fig. 2. At the CCSD~T!/
6-3111G~2df! level of theory, this structure is about 7 kcal/
mol lower in energy than the linear isomer that had previ-
ously been predicted as the lowest-energy stationary point on
the singlet PES.15,34 The C2v structure suggested by Archi-
bong and St-Amant33 was not studied in earlier works by
other authors. The lowest-energy Al2O3 C2v triplet state is
3B2 . The 3B1 state is about 3.5 kcal/mol higher in energy,
and the linear 1Sg
1 Al2O3 state is another 3.5 kcal/mol higher
than the C2v 3B1 state.33 In this work, the formation of both
the linear singlet and the C2v triplet structures has been in-
vestigated. First, consider the triplet potential energy surface.
In C2v symmetry, the AlO 2S1 state becomes 2A1 . The dou-
bly degenerate 2P i state correlates with the 2B1 /2B2 states
in C2v symmetry. Based on symmetry considerations, the
C2v 3B2 state of Al2O3 could result from the reaction of 2A1
AlO2 with 2B2 AlO, or from the reaction of 2A2 AlO2 with
2B1 AlO. The 3B1 state of Al2O3 can be formed in the reac-
tion of 2P i (2B1 /2B2) AlO with either 2A1 or 2A2 AlO2 . It
is not possible to form either of the lowest-energy Al2O3
triplet states from the lowest energy AlO2 doublet states
combined with the 2S1 (2A1) state of AlO.
Now, consider the energies related to these reactions.
There is no MRMP2 barrier for the reaction of cyclic 2A1
AlO2 with the 2B1 /2B2 states of AlO, to form the 3B1 /3B2
states of Al2O3 , respectively. On the other hand, the reaction
of 2A2 AlO2 with AlO in one of the 2P i states does not lead
to energy minima on the triplet Al2O3 PES. The triplet
3B1 /3B2 potential energy surfaces resulting from this reac-
tion do not appear to have a stationary point around the C2v
structure of Al2O3 . This suggests that the triplet Al2O3 iso-
mers are formed in the reaction of 2P i AlO with cyclic AlO2
in the 2A1 state, but not in the lower-energy 2A2 state.
On the singlet PES, 1Sg
1 Al2O3 results from the reaction
of linear 2Sg
1 AlO2 with 2S1 AlO. There is no barrier for
this reaction at the MRMP2 level of theory, and the reaction
is more than 100 kcal/mol exothermic. Therefore, once AlO
and AlO2 have been formed in the appropriate electronic
states, there is no additional energy requirement for the for-
mation of singlet and triplet Al2O3 .
FIG. 2. Lowest-energy structures of Al2O3 investigated in this work.
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IV. CONCLUSIONS
A survey of the 2A2 PES of the Al1O2 system predicts
that the most favorable reaction pathways lead to the forma-
tion of cyclic AlO2 with an exothermicity of 68 kcal/mol.
Once this isomer of AlO2 is formed, it can proceed further to
the linear isomer, which involves surmounting a very high
barrier of more than 60 kcal/mol, or dissociate to AlO1O
without any barrier beyond the endothermicity of about 77
kcal/mol. The dissociation of linear AlO2 in the 2Pg state to
AlO1O is more than 100 kcal/mol endothermic.
The general features of the 2A1 PES are quite similar.
The most important differences between the two surfaces are
the much smaller barrier leading from cyclic to linear AlO2
on the 2A1 PES28 and the more favorable dissociation to
AlO1O on this surface. Both AlO2 minima on the 2A1 sur-
face are higher in energy than the corresponding minima on
the 2A2 PES: at the MRCI/aug-cc-pVTZ level, the difference
is 4.6 kcal/mol for the cyclic structure and about 16 kcal/mol
for the linear isomer.
The reaction paths leading to AlO1O appear to go
through the dissociation of AlO2 , not directly from
Al1O2 . There is no barrier beyond the endothermicity for
this dissociation on either potential energy surface. For the
2A1 state of cyclic AlO2 and the corresponding 2Sg
1 state of
linear AlO2 , dissociation to AlO1O is energetically favored
over dissociation to Al1O2 . The activation energy for the
AlO1O dissociation of 2A2 AlO2 is only 9 kcal/mol higher
than the activation energy for the Al1O2 dissociation.
The lowest-energy triplet Al2O3 isomers can be formed
in the reaction of 2P i AlO with cyclic AlO2 in the 2A1 state,
but not from the lower-energy 2A2 AlO2 state. The linear
singlet Al2O3 isomer results from the reaction of linear AlO2
in the 2Sg
1 state with the 2S1 state of AlO. There is no
barrier for either of these reactions.
In general, as summarized in Scheme 1, the relative
energies predicted by the various levels of theory that
include dynamic correlation @MRMP2, MRCI, CCSD~T!#
are in good agreement with each other. The most notable
exception to this is the reaction energy for the process
Al1O2→2S1 AlO1O, for which MRMP2 predicts the op-
posite sign relative to the other two methods.
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